Formation of quinoprotein methanol dehydrogrnase (MDH)in Methylobacillus glycogenes, an obligate methylotroph, was strictly controlled by calcium (Ca) in the culture medium. Both the growth of the organism and the total enzyme activity of MDHwere also repressed at less than 1 ppm of Ca, although specific activity of MDHshowed a similar level. Ca in MDHwas replaced with other metals during cultivation of M. glycogenes. When strontium (Sr) chloride was fed instead of CaCl2, Ca in MDHwas completely replaced by Sr and showed a specific activity over ten times higher than Ca-containing MDH, although there was no appreciable increase in the MDHcontent in cells cultured in Sr medium.Methanol oxidase activity was also elevated in the cells that were cultured in the mediumwith Sr.
In our previous report on quinoprotein methanol dehydrogenase (MDH), we indicated that MDH is a metalloprotein containing one atom of Ca per mole of MDH.1}Binding of Ca is so tight that it is difficult to remove Ca completely from MDHwithout denaturation of the enzymeprotein. A partial resolution of Ca was made by a metal chelator and exogenous addition of Ca led to the complete reactivation of the enzyme to the original level. In the course of study to elucidate the mechanism of pyrroloquinoline quinone (PQQ) accumulation by methylotrophs, an interesting phenomenon was observed, that is, when Ca, one of the inorganic ingredients in the culture medium,was replaced by other metal ions, the corresponding metal-containing MDH was produced. For this paper, we studied the effects of various divalent metals, especially ofSr, on the formation ofquinoprotein MDH.
Materials and Methods
Chemicals. All chemicals used were of guaranteed grade commercially available. Twice distilled water was used throughout this study. 2833 Microorganisms and culture. An obligate methylotroph, M. glycogenes, was used throughout. The composition of the culture mediumwas essentially the same as described previously,2) except that all ingredients were dissolved in twice distilled water. The medium (100ml) was prepared in a 500-ml shaking flask to which a Klett tube was attached, and sterilized at 120°C for 20min. Methanol was added to 1%(v/v) under sterile conditions. The inoculum suspension, which had been prepared under sterile conditions was added to the mediumand incubation was done at 30°C with shaking. Growth of the microorganism was measured periodically by reading turbidity, without opening the stopper, through the branching Klett tube of the shaking flask by a Klett-Summerson photoelectric colorimeter equipped with a filter (No. 808) covering wavelengths from 640 to 700 nm.
Assay ofenzyme activity. A cell-free extract was prepared with 50mM Tris-HCl, pH 8.0, containing 3 him methanol unless otherwise stated. MDH activity was measured essentially by the method described by Yamanaka and Matsumoto. 3) The enzyme activity ofa dye-linked aldehyde dehydrogenase (ALDH) was measured by the method described by Patel et al.4y5 ) One unit of both enzyme activities was defined as the amount of enzyme catalyzing one micromoleof substrate oxidation per min under the conditions used. Protein was measured by the method of Lowryet al.6) with bovine serum albumin as a standard. Methanol oxidase was assayed with a cell suspension of M. glycogenes using a conventional oxygen electrode apparatus. The reaction mixture contained 300/imol of potassium phosphate, pH 6.5, and 10/imol of methanol in a total volume of 2.9ml. The reaction was started by the addition of a cell suspension (0.1 ml), the optical density of which at 660nm had been adjusted to 2.50, and done at 25°C. Oneunit of methanol oxidase activity was defined as the amount of cells that consumed 1 fiatom of O2 per minunder these assay conditions.
MeasurementofPQQ.PQQin the culture mediumwas measured with a quinoprotein apo-glucose dehydrogenase essentially by the method described before.7) SDS polyaerylamide gel electrophoresis. SDS polyacrylamide gel electrophoresis was done as described by Laemmli.8) A slabgel (7 x 8 cm) composed ofa 5% stacking gel and a 13.5% separating gel was used. Samples were pretreated in 2% SDS at 30-40°C for 30min before they were put on a slab gel. M. glycogenes in 1%methanol was cultured at 30°C under shaking for the period indicated in culture medium (100 ml)
in a 500-ml shaking flask. The bacterial growth was measured by the optical density at 660nm. Methanol content in the culture medium(MeOH)was measured with a purified MDH essentially by the same method as described in Materials and Methods, except that a limited volumeof the culture medium wasadded to the assay medium and then incubated at 25°C until the extent of reduction of 2,6-dichlorophenol indophenol reached a constant level. The maximal level of specific activity of MDH and AT/DH. and POOcontent are indicated. on the bacterial growth. WhenCa was present at over 1ppm, the bacterial growth was not affected (Fig. 2) . Whenthe Ca concentration was further limited, repression of the bacterial growth was apparent and no actual growth occurred unless a trace ofCa was in the culture medium. Specific activities of MDH and ALDH,and the amount of PQQaccumulated in the culture mediumwere found at similar levels whencompared amongthe cells grown at the initial Ca concentrations of 0.25ppm, 1.0ppm, and 28 ppm, though the total enzyme activities of MDHand ALDHwere different due to the mass of cells grown.
Growth of M. glycogenes in the presence of various metals
Ca was replaced by other divalent metals and the corresponding bacterial growth was measured (Fig. 3) . Ca gave the best growth among the metals tested. When Ca was replaced by Sr, a similar level of growth occurred with some delay in reaching early stationary phase. With other metals, such as Ba, Ce, La, and Y, the bacterial growth was further delayed. Levels of MDH, ALDH, methanol oxidase (MOX), and PQQ were compared between Ca-grown and Sr-grown cells in Table I . It was clear that the specific M. glycogenes was grown on 1% methanol medium containing Ca or Sr at 15ppm. Ca-growncells were harvested after 120hr of cultivation and Sr-grown cells after 160hr of cultivation, whenboth were at the early stationary phase. A cell-free extract was prepared from individual cells and MDHand ALDHwere assayed. A portion of intact cells was suspended to make a homogeneouscell suspension with 50mM potassium phosphate, pH 6.5, and the optical density at 660 nm was adjusted to 2.50. Methanol oxidase (MOX) was assayed with the cell suspensions under identical assay conditions using a conventional oxygen electrode apparatus. PQQ contents in the culture mediumwere measured in the supernatant obtained by centrifugation. protein bands (data not shown). As described later, MDHwith an elevated specific activity can be obtained when the organism is grown in a culture mediumcontaining Sr instead of Ca, although the reason is not known. MOX was assayed in the same cell populations by adjusting the cell density used. The purified MDH(19.0mg per ml) in 50mMTris-HCl, pH 8.0, containing 3mMmethanol and 1% sucrose was analyzed. Centrifugation was done at 60,000 rpm and the temperature was kept at 20°C throughout measurements.
Photographs were taken at 35min, 43min, and 60min
(from left to right) after reaching the maximal speed. analytical ultracentrifugation giving 7.2 s as the apparent sedimentation velocity (Fig. 4) . The purified MDH showed a specific activity of 6.0 to 10.0 units per mg protein, several times higher than that ofMDHfrom Ca-grown cells. In Fig. 5 , some of the purification steps are shown by SDS polyacrylamide gel electrophoresis. It should be noted that MDH from Sr-grown cells is also composed of two different subunits making an a2/?2 structure as reported by Anthony et al.10) One atom of Sr was contained in the purified MDH and no appreciable contamination of Ca was found in the MDH. The ratio ofCa to Sr in the culture medium was varied to see whether Sr has a novel effect to MDHactivity.
As illustrated in Fig. 6 , all flasks wereshaken until the organismreached the late exponential phase and MDH and ALDH were assayed. Since no appreciable differences were observed in ALDHand PQQ contents, only the specific activity of MDH was shown. The background of Ca in the culture mediumto which no Ca was added was estimated to be less than 0.1ppm. In the absence of Sr, the metal in the MDHformed was Ca, while Sr-rich MDHwas formed when Ca was absent or present but restricted.
Judging from these results, the affinity for Ca in the MDHformation is higher than Sr and thus Ca seems to be the intrinsic element spontaneously incorporated into MDHwhen the organism is grown on a usual medium.In this sense, Sr-containing MDH may be artificially formed. No appreciable differences in ALDH content under the various culture conditions mentioned above suggested the absence of any essential metals in ALDH.PQQ in all culture flasks were also at similar levels around 25jag per ml.
